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l3iVXSTIGATION AT MACH NUMBER 2.93 OF HALF 03' A COMCALSPIKE DIFFLTSER 

MOCJXCED AS A SIDE IIyL;ET WITB BODNDARY-UYEEI CONTROL 

BY Thermae G. Piercy and H a r r y  W. Johnson 

An experhental   investigation waa conducted t o  determine the per- 
formance characterist ics of a s ide  inlet   wi th  boundary-layer  control 
operating in  the presence of laminar and tu rbulen t   In i t ia l  boundary 
l a p r e  a t  a  free-stream Mach nmber of 2.93. The i n l e t  was a l ined   a t  
zero angle of attack and yaw with  respect t o  the  local free stream. 

* 

The inlet   consisted of half of a 60' conical-spike  qupersonic dlf -  
fuaer, which WBB mounted on a f la t  p l a t e  and designed f o r  all-external 
compression, and a subsonic  diffuser which faired into a efmulated  cylin- 
d r i ca l  combustion chamber.  Removal of' the flat-plate boundary layer 
ahead of' the   Inlet  w a s  accomplished by msans  of a variable-height, ram- 
type  bound=-layer  scoop having a straight leading edge positioned at 
the diffuser  spike t i p .  

I 

The greazest  inlet  total-pressure  recovery  obtained  in  the  presence 
of the turbulent boundary layer w a s  approximately 51.5 percent when the 
boundary-layer-scoop height waa equal  to  approximately 0.88 boundary- 
layer thickness.  Inlet peak pressure  recovery waa reduced t o  36.7 per -  
cent when the  entire  turbulent bowda3.y layer was allowed to enter the 
i n l e t .  

The peak pressure recoveries observed in  the presence of the initial 
laminar boundary layer mled fram  39.7  percent nith no boundazy-layer 
removal to 45.8 percent a t  the  largest  value of the scoop height  tested 
(1.446 boundary-layer thiclmesees). A t  the  larger  values of scoop height 
tested, the   in le t  pressure recoverg approached that obtained w i t h  the 
ini t ia l   turbulent  bouudarg lager, a8 expected. For scoop heighte equal 
t o  or less than the boundary-layer thickness, the pressure  recovery waa 
generally lower thm that obtained w i t h  the turbulent  bounckq  layer 
because of the inherent  inabili ty of the scoop t o  capture a f u l l  pro- 
jected  stream  tube of air when operated in   t he  presence of the laminar 

small amounte of turbulent boundary layer to   en te r   the  inlet  could not be 
realized. 

- boundary layer. In addition,  the  apparently  favorable  effect of allowing 

m 
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Inlet  total-premure  recomry  decreaied markedly with reduced boundary- 
Layer-sconp mass flow. In l e t   s t ab i l i t y  was sensitive t o  subcri t ical  scoop 
operat 'ion,  particularly  at  the Larger  scoop heights  imeetigated f o r  the it 

turbulent boundary layer and f o r  a l l  scoop heights  investigated for the 
laminar boundary layer. 

R 

The aide in l e t  must operate i n  the presence of the flow f i e l d  and p\) 
Ul 

-ID v boundary layer over the surface on which it ia instal led.  Research con- 
ducted in the Mach number range from about 1.5 t o  2.0 has LnAicated tha-b 
side-inlet  performance  can be made canparable to  nose-inlet performance 
by suitable  control of the inFtia1'boundm-y layer. Bowdary-layer 
removal haa been employed successfully  in this respect  (references 1 
t o  4 ) .  

This  investigation W&B conducted at tihe M C A  Lewis  laboratory  to 
extend  the  study of side-inlet  performance with  varioua amounta of 
boundary-layer removal t o  a free-s tream Mach number of about 3 .O. The 
side  inlet   consisted of half of a single-shock  conlcal-spike  supersonic 
i n l e t  mounted  on a f l a t  plate  and alined a t  zero angle of attack and 
yaw with  respect t o  t h e  local  free  stream. Boundary-layer removal waa 
accomplished wlth a variable-height ram-type scoop with a strai@;ht lead- 
ing edge positioned at the spike t i p .  

The i n i t i a l  boundary layer at the   in le t  'WaEl varied by changing the 
p la te  length upstream of the inlet .  Transition t o  turbulent flow waa 
forced on the longest  plate by roughness added near the p l a t e  leading 

. edge. Both the in l e t  and the boundary-layer scoop were operated o m r  
a range of mass-flow ratioa a t  varlow scoop heights  in  both  laminar 
and turbulent boundam layers. 

SYMBOLS 

The fol lar ing spabole a r e  used in   th i s   repor t :  

A area 

h  height of boundary-layer-removal  scoop above f l a t  plate  

h/6 dimenglionlees boundary-layer-EIcoop-hei~t parameter 

L plate length, msmured frm leading edge t o  spike t i p  

L/R dimemionless  plate-length  parameter 

m maBs flaw 
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- 
P total   pressure 

L R i n l e t  radiue, measured from center  l ine of spike to cowl l i p ,  
1.5 in. 

v velocity 

rl 
0 In cu 

X lfneal  distance, parallel to   plate ,  measured from cowl-lip 
s ta t ion  

CY normal distance above plate  

6 boundaq-layer  thichees,  distance frcm surface t o  point  in 
boundary layer where velocity is equal t o  0.99 free-stream 
velocity 

BD d ~ n s i o n l e s e   b o m ~ - l a g e r - t h f c k n e s s  parameter 

8*/e boundary-layer-form factor ,  the quotient of boundaq-layer 
displacement and m a m e n t u n  thiclmesses - 

D i n i e t  

s bomdaq-layer  coop 

T throat 

0 free-etream  conditions 

1 condition6 1/2 inch upstream of sp ike   t ip  

2 conditions a t  exit of d i f f w e r  o r  boundary-layer  scoop 

The s ide inlet i l lus t ra ted   in   f igure  1 was tes ted  in  the 18- by 
18-inch Mach number 3.05 tunnel   a t   the  X A A  Lewis laboratory. The model 
UBB alined at zero angle of attack  (except  for slight flow  angularity 
caused by boundmy-layer  growth) and zero yaw w i t h  respect t o  the  local 
f r ee  stream which, because of an inclination of the  plate, had a Mach 
number of 2.93. The i n l e t  model was the same one described  in  refer- 
ence 3, except f o r  subsequently  described changes in  the cowl l i p  and 
spike centerbody. 
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. 
Engine induction  system. - The inlet  consisted of half  of an axial ly  

symmstric 600 conical-spike  supersonio  diffurser designed for   a l l -external  
compression (no internal  contraction)  munted on a flat  plate.  The s p ~ k e  
and cowl l i p  were designed for maximum pressure  recovery and zero e p i l l -  
age at a Mach  number  of 3.15; but at a Mach  number of 2.93 the conical 
shock wave originating at the cone apex pmsed upstream of the cowl l i p ,  
pernnitting  approximately  7-percent spil lage with the inlet   operating 
supercrit ically.  The cowl-lip angle was small enough t o  ensure shock 
attachment during supercritical  operation at a Mach number of 2.93. 
Lmportant design details and dimemione. of the side"in1e-t configuration P 

are presented in figure 2( a) . 
R3 

8 
. "" 

The subsonic  diffuser WBB fa i red  into a simulated  cylFndrical cam- 
bustion chamber, the axis of  which wae displace3 0.4 i n l e t   r a d i u s   i n b o d  
of the  spike axis i n  an attempt t o  sFmulate a pract ical   s ide- inlet  izmtpll- 
lation.  Subsonic-diffuser  area  variations are presented i n  figure 2 ( b ) .  
The pressure instrumentation  (fig. 3) consisted of 41  total-pressure 
tubee ( a l l  tubes  except the  center  tube were located at the centroids of 
equal &ears), 4 static-pressure  tubes, and 4 wd1 static-pressure or i -  
f i ce s .  This instrumentation w m  located a t  s ta t ion  2, which was approx- 
imately 2 . 1  cabbustion-chamber  diameter6 damstream of the combustion- 
chamber entrance. Pressures recorded a t  this s ta t ion  were wed t o  deter- 
mine ccrmbuetion-chamber t o t a l  pressure and Mach number. ' The i n l e t  maas 
flow w&8 varied by a movable plug at the canbustion-chamber ex i t  (see 
f i g .  4)  and waa discharged into the tunnel  subsonic  diffuser. 

. *  

Boundary-layer-removal  system. - The boundary-layer-removal  system 
consisted of a slmple ram-type scoop with straight  leading edge positioned * 

at t h e  spike t i p ,  as described in  reference 3. Boundary-layer mass fluw 
waa controlled and measured by- a system of rotameters as shown i n   f i g -  
ure 4 and waa discharged  into %he top of the  tunnel  test  section. A 
surge tank WBB inserted i n . t h e  ducting ahead of the-rotameters  to  help . 

s tab i l ize  the rotameter  readin-  during  unstable.  operating  conditions. - 
Total  pressures  in the boundary-layer  duct were measured with a 17-tube 
rake. 

.. 

. . .. 

Test conditions . - The free -stream Mach nmber 1/2 - inch upstream 
of the spike t i p  (at st,ation 1) w6s determined from pi?essure measurements 
t o  be 2.93, md  w m  coneidered t o  be the looal  free-stream Mach  number 
a t  the inlet. Test-section  total  temgerature end pressure were approx-, 
imately 200° B and atmoepheric, respectively, whtch  produced a Reynolds 
number of approximately 1.55~10~ per  foot. The dew point waa maintained . 

within the range of -20° t o  -10' F, which ensured negligible water- 
condensation effects.  

" 

Boundary-layer variation and meEtsurment. - Variation of t h e  i n i t i a l  
bounaary layer waa accomplished by changing the  length. of the flat p l a t e  
upstream of the inlet. Plate-length parametem L/R of approx-tely 
7.67 and 9.67 were used to  obtain laminar Elnd turbulent boundary layers, 

L 



NAGA RM E52G23 5 

I 

respectively.  Transition  to  turbulent boundary layer was forced on the 
longer p l a t e  by a 1-inch s t r i p  of number 100 carborundum dust  sprinkled 
l igh t ly  on w e t  lacquer. Thia s t r i p  ya8 located 1/2 inch  fram  the  plate 
leading edge. 

- 

The boundary layers were surveyed w i t h  the i n s t m e n t a t i o n  shown i n  

in  the plate  located at s ta t ion  1 were used to  obtain  total-pressure a d  
. ' f iguree  2(a) and 5. Four movable p i t o t  tubes ana three static or i f ices  

N Mach-number profiles ahead of the   in le t .  All boundary-layer data were 
(D reduced  under the  asamption of a zero normal static-pressure  gradient 
P .  within  the boundary layer. * 

UI 

The nondlmensional  bolmdasy-layer veloclty  profiles  presented in 
figure 5 represent average  conditions in  the  transverse plane a t  sta- 
t ion  1. The se locf ty   ra t io  v/v0 IS plotted aa a function the 
parameter y/8, where 8 is the height withfn the bouradary layer at 
d i c h  the velocity is 0.99 f'ree-stream velocity. Boundary-layer form 

m f ac to r s  S*/Q computed for  these  profilae were 7.55 and 5.05 f o r  the 
I laminar and turbulent  layers,  respectively.  Boundary-layer-thickness I 

parameters 6/R, i n  terms of i n l e t  l i p  radius R, were 0.075 and 0.160, 
r '  respectively. 

Test  vasiables. - Boundary-layer-scoop height waa varied frm zero 
t o  a value  greater than the boundary-layer  thickness f o r  each i n i t i a l  
boundazy layer .   Inlet  mass flow waa varied fram supercr i t ical  t o  sub- 

' crit ical   operatlan,  and bounbry-leyer-ecoop maas flow was  varied fram 
zero t o  the max- attainable f o r  each combustion-chamber Mach m b e r  
(canstant exit area)  investigated. 

In the  following  discussions the terms "supercritical" a d  "eub- 
c r i t i ca l "  are applied t o  i n l e t  and boundary-layer-scoop operation, and 
are  defined as fol lows:  With supercritical  operation the i n l e t  o r  scoop 
captures its ma,ximum mass flow and operatee w i t h  a swallowed normal 
shock; w i t h  subcritical  operation the captured ma88 flow is reduced. 
Supercritical  operation does not  necessarily imply that the   i n l e t  o r  
scoop IS capturing a f u l l  projected  stream  tube of air, however, since 
pressure  .feeaback throu& the boundary layer o r  interaction  effects may 
reduce the maximum attainable mass flow. 

The assumption of sonic-flow  velocity a t  the minlmum geometric exit 
area made possible  the  calculation of i n l e t  maas flow % fram the  total-  
Pressure meaaurements at s ta t ion  2 .  The variation of inlet   total-preesure 
recovery P ~ , = / P ~ , ~  aa a function d i n l e t  mass-flow ratio rq,/m w a ~  
obtained for each  scoop operating  condition.  For  supercritical scoop 
operation it w a s  paasible t o   e s t b a t e  that portion of the cur-ve corre- 
sponding t o  supercritical  inlet  operation. This portion of the curve 
was corrected  to correspond  with  the known mass flow in   t he  captured 

19 

- 

\ 
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stream  tube at s ta t ion 1. A discharge  coefficient was  thue  obtained a8 
a function of combustion-chamber Mach number f o r  each  boundary-layer- 
scoop-height  parameter  h/6. These coefficients were then used to  cor- 
r ec t  the supercritical  portions of the in l e t  performance curves  ‘obtained 
a t  reduced scoop maas flow. The discharge  coefficient  for  cri t ical   inlet  
operation wa8 aasumed to apply  throughout the subcrit ical   inlet   operating 
region. 

Sane possibil i ty of error existed i n  t h e  determlnation of scoop maas 
flow because @ the w e  of rotameters at pressures s l igh t ly  below their 
calibrated  range. -The scoop maas flow was not  corrected, however, since 
there w88 a possibil i ty that pressure  feedback  cawed  thickening of the 
bolmdary layer ahead of‘ the scoop, decreasing the maximum attainable 
BCOOP IU8SS f lOW. 

Pressures were recorded  photographically on tetrabromoethane  multi- 
Inammeter boards.  Schlieren photographs and high-speed  motion pictures 
were taken of the flow i n  the vicini ty  of the  inlet .  . 

Inlet total-pressure  recovery and mam-flar r a t i o  were referenced 
to conditions at stat ion 1, which is a nonuniform flow f i e l d  due t o  the 
presence of the boundarg layer. The t o t a l  PreBBUW Fl,D represents 
the average t o t a l  pressure at s ta t ion  1 in the stream tube  captured by 
the   in le t  with eupercrltical  operation. For a l l  bowldaq-lwer-scoop- 
height parameters  h/6 less than  about 1.4, a portion of the low-energy 
boundary wer enters the in le t ,  and thus P1,D is a function of h/6. 
The variation of P~,D/Po with h/6, where Po iEI the free-stream 
total  pressure, w m  obtained from the total-pressure  profile at ertation 1 
by means of an area-weighting  technique and ie  presented in figure  6(a).  
Similarly, the inlet reference mass flow ml D, which represents the W B  
flow at s ta t ion  1 i n  the stream tube  capture4 by the inlet when super- 
cri t ical   conditions a r e  aasumed, WBB also determined by an area-weighting 
method. Decauee of spil lage,  ml,D in  this  case i B  approxinately 7 per- 
cent less than that corresponding t o  the capture of a full pmjected 
stream  tube.) The r a t i o  ~~,D/w,D, where m~ represen-  the corre- 
sponding inlet  IDELBE flow In the free stream, is also shown i n  figure 6(a) 
as a function of h/6. 

? 

Similar data for   the  bouxd8;ry-layer scoop a r e  presented i n  figure 6(c). 
I n  addition,  the me-flow rat20 m and total-preeeure 
r a t i o  P1, (D-ts)/Po f o r  the combined in l e t  an& boundary-layer SCOOP are 

1, (D+s)’mo (pts) c 
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shown in figure 6(b) as functions of' h/6. These various  relations make 
it possible t o  reference  data  to  free-stream  coditions if  desired. 

These ratios were obtained when supercritical  operation of the   inlet  
and scoop was assumed. During conditions of  buzz these ra t ios  would 
obviously vary. However, since no method waa available f o r  determining 
variations  during  buzzing  conditions,  these  ratios were a rb i t r a r i l y  used 
to  reference both steady asd buzifng conditions. 

W i t h  no removal of t h e  turbulent  layer  (h/6 = 0) , the 
available  inlet  mass-flar r a t i o  ml D/m, and total-pressure  ratio 
Pl,D/PO were 93 and 88 percent,  respectively, as indicated in f i g -  
me 6(a).  These values are l m r  than those  presented f o r  a camparable 
turbulent  bomdaq-layer-thickness parameter in  reference 3 became of 
the higher  free-stream Mach nuniber of the present  investigation. A t  
h/6 of zero for the laminar boundary layer,  the  available  inlet -8- 
flow r a t i o  ml,D/%,D and total-pressure r a t i o  P~,D/PO were 95 and 

responding values f o r  the turbulent  layer may be at t r ibuted t o  the 
smaller laminar boundary-layer thickness. 

J > 

. 93 percent,  respectively. 'That these values are  larger than the cor- 

L 

Vie ual -Flow Obs ervat  ions 

Peak pressure recoveq. - Schlieren photographs of' t he  inlet oper- 
ating near peak pressure  recovery were taken a t  1/100-seco~ exposure, 
and are presented in  figure 7 for each value of h/6 tes ted.  The flow 
represented is steady  for the turbulent  boundary.layer at all values of 
h/6 except 0 and 1.510, whereas the flow is unsteady f o r  the lamfnar 
b o d a r y   l a y e r   a t  a l l  values of' h/6 except 0, 1.284, q d  1.446. The 
weak oblique wave originating an the pla te   jus t  upstream of the i n l e t  
wa8 produced by a Junction i n  the plate  and had no ef fec t  an the flow 
at the i n l e t .  The oblique waves originating at the plate leading d g e  
were caused by the small angle of attack at which the  plate  -.set - 

r e l a t ive   t o  the tunnel f r e e  stream, and, on the  longer  plate, by the.. 
carborundum duet s t r i p  used to   force  t ransi t ion.  

Unsteady flow, inlet  operation in preeence of turbulent boundary 
layer. - The shock oscil lations observed f o r  the  inlet   operat ing  in   the 
presence of the turbulent boundctry layer depended on combination8 of 
i n l e t  and scoop operating  conditions and on the boundary-layer-scoop- 
height parameter  h/6. In general, however, the patterns observed for 
given inlet-scoop  operating  conditions  did not vary f o r  h/6 greater 
than 0.833. For these  higher h/6 values,   dist inct  types of osci l la-  
t ion  occurred f o r  the following  operating  conditions: 
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(a) Subcri t ical   in le t ,   supercr i t ical  scoop operation. The buzz 
pattern  indicated i n  figure 8(a) is similm t o  that observed during 
subcritical  operation of spike-tne-nO8e  inlets. The normal shock- 
oscil lated onto the spike a distance depending on the degree of sub- 
c r i t   i c a l   i n l e t  operat  ion. F\1 

VI 
(D 
P 

(b)  Subcritical  operation of both scoop and in le t .  As indicated 
in figure 8(b), the shock oscil lation extended t o  the p l a t e  leading edge 
f o r  large degrees of subcritical  operation, wlth aepmation af the 
boundary layer occurring behind t h e  shock. 

-_ 

" 

(c)  Supercrit ical   inlet ,   subcrit ical  scoop operation.  For this 
condition, aa i l lust rated in figure 8(c), scoop buzz w a s  rapid but did 
not  extend far upstream of the   inlet .  ITo flow separation o r  i n l e t  cowl- 
lip-ahosk detachment waa observed. 

(a) Inlet operating  s.upercriticalQ ne= peak preasure  recovery, 
subcri t ical  scoop operation. I n  t h i s  case in l e t  buzz W&EI induced by 
scoop buzz, althou& the oscillating  cowl-lip shock did  not  extend 
beyond the splke  t ip.  Some flow separation waa observed, ae i l lus t ra ted  
in  figure 8(d). 

The buzz patterns observed at lower values of h/6 in the  turbulent 
boundary layer  did  not correspond exactly  to  those just described f o r  
comparable operating  conditions. Exceptions were ~EI  fo l lows  : 

(a) Subcrit ical  inlet operation  with no boundary-layer removal, 
h/6 of 0. This condition wa8 characterized by shock oscillations onto 
the plate w i t h  flaw separation  occurring behind the shock. The cowl- 
l i p  shock persisted, as indicated i n  figure 8 ( e ) ,  except for extreme 
subcritical  operation. 

(b) Subcritical  operation of i n l e t  and plcoop at h/6 of 0.509 and 
0.667. In cdntraat  to  the same operating  condition at higher h/6 
(f ig .   8(b)) ,  flow separation w&8 not observed but may have exis ted  to  
some extent a t  these values of h/6. A rapid  Oeclllatim of the cowl- 
lip shock  occurred, and at greatly reduced i n l e t  ma88 flows th i s  ehock 
disappeazed  while the oblique shock moved farther out onto the  plate.  
ws condition is  i l lus t ra ted  i n  figure 8(f).  

(c)  Subcrit ical   inlet   operation  with  supercrit ical  scoop operation 
at h/6 of 0.509 and 0.667. 'pplls operatton was characterized by shock 
oscillations quite similar t o  t b e  pattern already i d e n t i r i d   i n   f i g u r e  8(f) .  
In contrast  with coniparable operating  conditions at higher h/6, the cowl- 
l i p  shook oscillated  but did not  disappear- until . the  i n l e t  w m  operated 
at greatly reduced maas flows. Floii separation was not observed. 

. . .. - 

- 
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(a) Supercrit ical  inlet operation w i t h  subcri t ical  scoop  operation, 
h/6 of 0.509. For this  condition no detachment of the l i p  shock w a s  
noted, and the oblique ehock moved f a r the r  out on the plate than was 
observed for  caparable  conditions at the higher  valuee of h/6 as 
given i n  figure 8(c).  

- 

(e) Supercritical  inlet  operation  with  subcritical scoop  operation, 
h/6 of 0.667. Subcrit ical  scoop operation w a s  aesociated wlth conaider- 

N .  able   t ravel  of the oblique ehock and osci l la t ion of the cowl-lip  shock, 
u) indicating  inlet  buzz  induced by scoop  buzz. However, no separation of 
P the  bomdarg  layer behind the  oblique shock W ~ E I  observed. 
VI 

Ae a point of interest ,  it waa noted d e n  separation of the boundary 
layer w a s  Observed that static-pressure rises a c m s  the  oblique  shocks 
obtained frm mea~lurad shock angles w e r e  only s l ight ly   greater  than the 
c r i t i c a l  value predfctd  in   reference 5 for   turbulent  boundary layers at 
Reynolds numbers based on plate  length. Similarly, the static-pressure 
rises across the oblique shoclrs when separation w&8 not observed were 
calculated t o  be s l i gh t ly  less than  the  predicted cr i t ical  value. 

c Unsteady flow, inlet  operation in presence of laminar boundary 
layer. - Buzz patterns observed in  the  presence of the  laminar boundary 
layer were similar t o  those just  described,  wlth one notable  exception; 
that  is, when buzzing  occurred it was always accompanied by separation 
of the boundary leyer behind the oblfque  shocks. W i t h  the i n l e t  oper- 
ating  supercrit ically,  no scoop buzz w88 noticed with subcr i t ica l  scoop 
operation unless the scoop maas flow KBB reduced t o  almost  zero. Indi- 
cations of usual spFke-type-nose-inlet buzz were observed f o r  values of 
h/6 greater man 0.705. Theref ore, the buzz pa t te rns   for  the laminar 
boundary 'layer may be represented by figures 8 (a) t o  8 (c) . 

In l e t  Performance 

Pressure and Mach-number variatians  across  station 2 were small for 
every  operating  condition  investigated. A t  peak pressure recovery and at 
high-pressure-recovery supercrit ical   inlet   operation,  the maximum varia- 
t i o n   i n   t o t a l  pressure among the  individual  tubes of the rake w a s  less 
than 1 percent. W i t h  boundary-layer-scoop mass-flow r a t i o  reduced to 
50 percent,  this  variation  did not exceed 1.5 percent. No boundary- 
laser separation a t  the rake s t a t ion  w m  obBervBd, in   cont ras t   to  the 
f ihdings-of  reference 3. This absence of bmdar$-layer separation is 
thought t o  be due-primarily to  the 1mge amount of subsonic  diffusim 
provided by this   dwfuser .  However, t h i s  obeervation  does  not  preclude 
the  poesibil i ty of separation between the inlet l i p  and the   rake   s ta t im 
inasmuch aa boundary-mer reattachment may occur at the low subsonic 
Mach numbers. Combustion-chamber-inlet Mach numbem of the  order of 0.1 
were observed at peak pressure  recovery. 

I 

1 ,  

.o 
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Boundmy-layer-scoop mass flow waa varied from the maximum at ta in-  
able t o  zero for  several  values of the cmbuetion-chamber Mach number 
at each  value of h/6 investigated. These data  yielded  Inlet   total-  
pressure  recovery P ~ , ~ / P ~ , ~  as a function of scoop maee-flow r a t i o  
d%,-. These value8 are presented i n  figure 9 as a function of inlet 
mass-flaw r a t i o  q / m l , D  f o r  the turbulent boundary layer. For all 
values of h/6 except 1.510, the scoop mass-flow ratio  presented i s  

mass flow captured st that 'par t icular  value of conbustion-chmber 
Mach number. 

ms/ms,lnax, where ms ,=x represents the maximum supercrit ical  scoop 

Lines of comtant combustion-chamber Mach number are indicated  In 
figure 9(b) for h/6 of 0.509. It erhould be noted that the scoop m s -  
flow r a t i o  designated st any point  (i.e.,  given combustion-chamber Mach 
number) represents a percentage of the maximum captured a t  that partic- 
ular value of COmbU8tiOn-Chamber  Mach  number.  The variation of the 
m~urFmum captured scoop m m s  flow aa a function of combustion-chamber Mach 
number is indicated by the insert on figure 9( b) . It is obvious frm 
th is   inser t  that the maximum captured scoop maas flow decreased  comlder- 
ably when the  Inlet  was operated  subcritically. A t  h/S of 1.510, the 
scoop would not  operate  supercritically, snd the scoop mass-flow r a t i o  
w a s  referenced to  the  calculated  supercritical  value ml s .  

¶ 

For l a rge  valuw of boundmy-layer-scoop maas-flow r a t io ,  the in l e t  
pexformance curves (pressure  recovery as a function of m a - f l o w  r a t io )  
were sFmilar in form t o  those ueually obtained f o r  spike-type  nose 
inlets .  Peak press&  recoveriea  occurred a t   i n l e t  maas-flow ra t ios  
slightly less than  unity,  although no clearly  defined bow shock W&B 
observed; and at every  value of h/6 greater than zero, i n l e t  buzz 
occurred for i n l e t  -8-flow ra t ios  sli tly less than  those  correspond- 
ing t o  peak preseure recoveries. A t  h $" 6 af zero, howaver,  peak pres- 
sure recovery wae obtained  during slight in l e t  buzz. Further  reductions 
in   in le t  ma86 flow increased  the  severity of  buzz  and were accompanied 
by reduced pressure  recoveries. Regiom of m t e a d y   i n l e t  operation axe 
indicated i n  f igure 9 by the dmhed  curves . During subcri t ical  inlet 
operation the shock oscil lations wwre frequently  quite  Wge;  therefore 
same question  exists aa to  the  ai-ificance of manmeter board readings 
for  these  operating  conditions. 

For a l l  values of h/&, reduction of boundary-layer-scoop mass flow 
decreased the i n l e t  peak pressure  recovery and supercr i t ical  maas flow 
and, i n  general, reduced the in le t  mass-f low rat io .  a t  which  peak pres - 
sure recovery  occurmd. . . . . . - . . . . . . . . . . . . . .. 

A t  h/6 of 0.509, reductions  in boundary-layer-scoop maas flow did 
not   affect   in le t   s tabi l i ty   to  any great  extent. Peak presswe recoveq 
a t   a l l  values of scoop ma8s flow waa obtafned with the same value of 
combustion-chamber Mach  number (except for zero scoop m&~s flow), and - 
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- 
no i n l e t  buzz w&8 noted. A t  values of' h/6 of 0.667 and larger, how- 
ever, a small mount of boundv-layer-scoop ms-flow reduction immed- 

s t a b i l i t y  between values of h/6 of 0.509 am2 0.607 waa introduced pre- 
viously i n  the section  describing  the visual-flow observations. ) This 
effect  persisted at the larger  values of h/6, but waa apparently mst 
pronounced between h/6 values of 0.6 and 1.0. 

., l a te ly  t h rew the i n l e t   i n to  an unsteady  condition. (This change in i n l e t  

The boundary-lwer  scoop  could  not be operated  supercritically at 
h/6 of' 1.510 in  the  turbulent boundary layer.  Inlet  pressure  recoveries 
were theref  ore lower than anticipated. While th i s   e f f ec t  is not cam- 
pletely understood, it is believed  that it could be caused by the meter- 
ing system employed in   the scoop ductfng, ana is thought  not t o  be char- 
ac te r i s t i c  of an actual instal la t ion.  The maxFmum scoop mass-flow ratios 
%/ml,s obtained a t  this h/6 are indicated on f igure 9 ( f ) .  

A summary plot  of i n l e t  peak pressure  recovery aa a function Cg 
scoop-height  parameter h/6 and scoop mass-flow r a t i o  is presented in 
figure 10 f o r  t h e  turbulent boundary l q e r .  Peak pressure recovery of 
51.5 percent at h/6 of approximately 0.88 WBB found by f a i r i n g  b e h e n  
the observed values  obtained a t  h/6 of 0.833 and 1.025. The value of 
h/6 at peak pressure recovery is believed  consistent  wlth  the  values 
indicated  for maximum recovery at reduced scoop mass flow. Since  the 
inlet  pressure  recovery  predicted by shock  theory w&8 appraximstely 
61 percent, it is indicated that additional shock or viscous  effects o r  
both  account& for a 9.5-percent loss i n  pressure recovery in  the sub- 
sonic diffuser. Actually it w m  not established that the normal-shock 
configuration  stabilized at the desipg throat Mach number. This condi- 
t ion is possible even though a e l i a t l y  reduced maes flow W&B indicated 
a t  peak pressure  recovery. In unpublished  two-dimensional  flow s t d i e s  
made at the Lewis laboratory, some reduction in ma88 flow at peak pres - 
sure  recovery has been observed w i t h  the major portion of an edended 
shock pattern  occurring  domatream of the  throat.  

Peak pressure recovery  decreased a8 h/6 w a  increased from 0.88. 
The f a c t  that peak pressure recovery  occurred w i t h  a portion of the 
turbulent boundary layer  entering the i n l e t  is not  completely  uderstood 
but is thought t o  r e su l t  from a favorable  effect of allowing a small 
amount of turbulent bounaarg layer t o  enter the diffuser throat.  
effects  were noted i n  reference 3. 

Peak pressure  recovery a l so  decreased BB h/6 w88 decreased from 
0.88, such that at  h/6 of 0, peak pressure recovery waa only  about 
37 percent.  Since a reduction  in h/6 allom more of the flat-plate 
boundary layer t o  enter   the  inlet ,  the adveree effects  of entering 
boundary layer on the i n l e t  pedormasce is obvious. 
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A t  values of h/6 less than  approximately 0.55 in  the  turbulent 
boundary layer,   the  inlet  peak pressure  recovery  decreased  almost 
l i n e m u  with decreasing  scoop  maas-fhm  ratio. ('phis c k m t e r i s t f c  
is aasociated with the f a c t  that at the lower values of h/8 i n l e t  sta- 
b t l i t y  w-aa not  affected by subcr i t ica l  scoop operation.) This l inear  
decre-e, also  reported in reference 3, is thought t o  be a function of 
the height of the boundary-layer-scoop l i p  stagnation  streamline. A t  
any value of h/6, this  height  decreases as scoop maes flow decreases, 
and an  increesing amount of boundary-layer a i r  is spi l led  into the i n l e t .  
Operation at reduced  scoop mass-flow r a t i o  a t  any value of h/6  within 
t h i s  range is therefore camparable t o  operation with supercr i t ical  scoop 
a t  a lower value of h/6. 

At valuea of h/6 greater than approxlmately 0.55 i n  the turbulent 
boundary layer, subcri t ical  scoop  operation induced in le t   ins tab i l i ty ,  
as mentioned previously. The effects of th ia   ins tab i l i ty  a r e  clear ly  
indicated in figure 10. Pressure recovery for a given subcri t ical  ecoop 
maas flow decremes  shmply when h/6 is increaaed  elightly above 0.55, 
but as h/6 i e  further increased the pressure recovery  increases  again. 
The effects  of subcri t ical  scoop operation on the   in le t   s tab i l i ty  m e  
apparently most pronounced between h/6  values of 0.6 and 1.0, but were 
observed f o r  scoop ms-flar ra t ios   l ess  than 96 percent for values of 
h/6 greater than 0.66. In camparison w i t h  simileu' results  reported i n  
reference 3, it waa noted i n  the present  investigation that this insta- 
bi l i ty   region occurred a t  lower values of h/6 .and t ha t  larger values 
of the scoop mass-f low r a t i o  were required t o  emure s t ab i l i t y .  

In l e t  peak pressure  recoverim were obtained  with  supercritical 
scoop operation at every h/6  investigated, i n  conatrast   to the resul ts  
of reference  3, in wfiich it wa8 observed that peak pressure recovery w a s  
obtained at slightly reduced  scoop maes-flow ratios a t  large  values of 
h/6. 

A canparison of i n l e t  peak pressure  recovery 88 a function of 
bound~-layer-acoop-helght  parameter for the laminar and turbulent 
boundary layere is presented in figure 11. Pressure recovery at h/6 
of 0.705 in   the  laminar boundaq layer wa8 lower than that obtained a t  
h/S of  0.362 because t h e  bounhry-layer scoop  captured less mass flow . 

at the larger h/6. Incremes in pressure recovery at values of h/6 
between 0.705 and 1.048 were due to  the  increased scoop ma88 flow cap- 
tured.. The boundary-layer  scoop could not be made t o  operate super- 
c r i t i c a l l y   f o r  any value of h/6 less  than 1.284; theref  ore  the inlet 
pressure  recoveries are generally lower for the W n a r  boundary layer 
than for the turbulent boundary layer at corresponding values of h/6. 
The scoop operated supercr i t ical ly  a t  the two largest  values of h/6 
investigated  for the Laminar boundary layer. The highest  inlet  peak . 

pressure  recovery  obtained f o r  this boundary layer was 45.8 percent at 
h/6 of 1.446, the  largeet h/6 investigated. 
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W i t h  the af3surQtion tha t   supercr i t ica l  scoop operation could  be 
achieved  with the  ini t ia l   turbulent  boundary layer at large values of 

i n l e t  perfomumce w i t h  i n i t i a l  laminar boundary layer approaches that 
of the  ini t ia l   turbulent  boundary layer  with  increasing  values of h/6, 
as would be expected. 

- h/6 in  an actual   instal la t ion,  it is evident frm figure 11 that the 

rI 
0, 
Lo 

Peak pressure  recovery w&8 39.7 percent when a31 the  laminar bound- 
ary layer flared i n t o  the   in le t  (h/6 = 0) . This recovery waa s l igh t ly  

layer (36.7 percent)  primarily because the lamhar boundary layer waa 
much thinner. 

cu greater than that f o r  the  corresponding  case for the  turbulent boundary 

The point of peak pressure  recovery is not  necessarily the most 
desirable  point at which t o  operate a superaonic  diffuser,  particularly 
if this operation  represents an unsteady  condition.  Steady  operation 
regions w i t h  the turbulent boundary layer may be determined fram fig- 
ure 9. For  the leminar boundary layer,   the  inlet   total-pressure recovery 
88 a function of i n l e t  m s  flow is presented in   f igure  1 2  f o r  the mx- 
imum attainable SCOOP flow. Unstable inlet   operation is represented 
by dashed l ines .   Stable  inlet operation wa8 achieved at peak preesure 
recovery only f o r  the ,values of h/6 that permitted  supercritical scoop 
operation and f o r  h/6 of zero.  For thwe values of h/6 where super- 
c r i t i c a l  scoop flow could riot be  achieved, steady inlet   operation w a ~  
attained only with supercr i t ica l   in le t  mass flow. 

Boundary-LayerScoop  Performance 

The boundary-layer SCOOP employed in  this  investigation was not 
ent i re ly  sat isfactory,  f o r  it could  not be operated  supercritically f o r  
a nmber of operating  conditions. Furthermore, large pressure-recovery 
losses were  o b s c t r ~ d   i n  the scoop. system. Part of the reduced  coop 
performance is at t r ibuted  to  the mea  discontinuity  within  the duct 

lz inches downstream  of the scoop l i p ,  a feature  required  in  the scoop- 
height-adjustment method employed. 

1 

Scoop performance curves are presented i n  f igwea 13 and 14 f o r  
operation  in  the  turbulent and laminar boundary layers,  respectively. 
The data presented  represent  average performance with  supercr i t ical  
inlet  operation. Scoop total-preseure  recovery is plotted as a function 
OT the scoop maee-flow r a t i o  %/ml,sr FigLmes 13 (a) and 14(  a)  refer- 
ence the SCOOP pressure  recovery t o  conditions in t he  boundazy layer a t  
station 1, while  figures  13(b) and 14(b)  reference  the  pressure  recovery 
t o  the local  free-stream  total  pressure. 
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Scoop performance w i t h  turbulent bound- layer.  - The performance 
curves for the turbulent boundary -layer operation (fig . 13) are similar 
t o  those  presented i n  reference 3 and indicate  that the scoop  operated - 
supercrit ically a t  a l l  values of h/6  investigated  except 1.510, a8 
mentioned previously. Scoop buzz u&fl observed f o r  all values Clf h/6 
at maas flows less than those corresponding t o  SCOOP peak pressure 
recovery. 

The supercr i t ical  scoop  ma^^ flows memured indicate BOB disagree- N 
u1 
(D 
P ment w i t h  the theoretical   supercrit ical   valuea,  the disagreement  increas- 

ing w i t h  lmr values of' h/6. While the accuracy of the maammeanenta 
of maae flow through the rotameters W&B not determined, the  trenda 
observed are  thought t o  be  indicative of spillage  cawed by pressure 
f e-&back through the boundary layer. The r a t i o  % -m/ml,s may be 
easily obtained fram figure 13 f o r  each  h/6, and  &e scoop mass-flm 
ratios  presented in figure 9 may be converted t o  %/m if desired. 

1, 
Scoop performance with laminax bomdary lager. - The scoop perf'om- 

mce for operation i n  the laminar boundary layer  indicates that only at 
the eXtremt3l.y large scoop-height settings  could the scoop be &e t o  
operate  supercritically. The small ~ B B B  -f low ratios  obtained,  particu- 
larly at  h/6 of 0.705, indicate  comiderable  spillage. This subcrit-  
ical  operation i e  thought t o  be due largely t o  the  inherent  inetability 
of the laminar boundary layer in the presence cf adverse pressure gra- 
dients. ~n figure  z(a) it m ~ y  be observed that the ecoop design  requires 
the flow t o  be t m e d  immediately on e n t e r k g   t h e  SCOOP. The shock 
originating a t  the scoop l i p  due t o  the upper surface 5 . 5 O  wedge angle 
provides an additional adverse presaure gradient -which niay caw8 an 
mc i l l a t ing  flow separation frm the lower wall. ' It is possible that 
supercr i t ical  boundary-layer-scoop flow could have been obtained had it 
been possible  to  effect  greater  reductions in scoop back pressure. 

"- 

For  values of h/6 between 0.705 and 1.048, the amount of scoop 
spillage wae reduced,. and corresponding  increams in i n l e t  pressure 
recovery were produced, as mentioned pk-viouSlyi""At Ii/6 values of 
1.284 and 1.446, the ecoop operated  eupercritically,  causing  further 
i n l e t  pressure-recovery  increases. A t  t h e  larger  values of h/6 i n  
the laminar boundary layer, the energy level of the boundary layer 
entering the ~icoop i 8  incremed and approaches that of the turbulent 
boundary lver. Thus it is reasonable t o  expect that turbulent SCOOP - 
performance would be approached and that supercr i t ical  ecoop operation 
would occur. 

To provide the designer w i t h  an insi&t BB t o  how much boundary- 
layer air is available  for cooling purposes, figure W l e  presented. - 

Theoretical   supercrit ical  scoop-t.0 -inlet M6-f loy r a t lo .  is presented 
ae a function of .h/6 f o r  both i n i t i a l  boundary layers. 

" 3.- - 

. . ." 
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- An experimental  investigation of the performance of a sp ike- typ  
s ide   i n l e t  at & Mach  number of 2.93 yielded the f ollar ing resul ts  : 

N 

1. The maximum W e t  total-pressure  recovery observed m s  approx- 
imately 51.5 percent with the boundary-layer scoqp aperating  supercriti- 
c d y  in the  fnf t ia l   turbulent  boundary layer a t  a scoop height of 
0.88 bounda,ry-layer thickness. The =&est pressure  recovery  observed 
with the inlet operating in  the initial laminar boundary layer was 
approximately 45.8 percent wLth the boundary-layer  scoop  operat- 
supercrit ically a t  the largest  scoop height investigated (1.446 bound-- 
layer  thicknesses). 

2. Allowing al l  the i n i t i a l  bomdaxy layer t o  flow in to   the   in le t  
reduced the pressure  recovery t o  36.7 percent f o r  the  turbulent layer 
asd t o  39.7 percent f o r  the leminar layer. The higher  pressure  recovery 

total-pressure decrement of the laminar boundary layer. Moat of the 
additional lossee in pressure  recovery were assumed t o  occur in  the sub- 

-8 i n  the latter caee was at t r ibuted to the  smaller  thicknees and smaller 

- sonic  diffuser  ei ther 88 shock or  viscous losses. 

3. A t  the  larger  values of scoop height tested, the inlet  pressure 
recovery with an i n i t i a l  laminar boundary layer approached that obtained 
Wrth the  turbulent boundary layer, although tha t  of the former waa gen- 
erally l m e r  because of the  inherent  inabili ty of the scoop t o  capture 
a fu l l  pro j e c t d  stream tube of air when operated in the presence of the 
lamiaa3. b o d a r y  layer. In addition, t h e  apparently  favorable  effect of 
allowing small amounts of turbulent boundary l aye r   t o   en t e r  the i n l e t  
could  not be realized w i t h  the laminar bouridary layer. 

4.  The i n l e t  wa.8 quite  sensitive  to  boundaq-layer-scoop  operation. 
Subcri t ical  scoop operation reduced inlet  pressure  recovery and ma~s 
flow at every scoop height in both boundary layers, and induced inlet 
ins tab i l i ty  over a wide range of scoop heights  in the turbulent boundary 
layer and over the   en t i re  range of scoop heights  tested  in  the laminar 
boundary layer. 

Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Comm€ttee f o r  Aeronautics 

a 7 'T 
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Figure 3, - Preseure-meaeuremnt" i n s t m e n t a t i o n  i n  diffuser.  
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Boundary-Lege-ampheight parameter, 0; inlet 
total-preeeure recoveq, 0.367;  inlet mae-flow 
ratio, 0.902. 
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Boundary-layer-sc~p-hei-~t  prameter,: l.'025; 
inlet  total-pressure recovery," 0.488; inlet 

s u p r c r i t l c a l .  . . - - - . . . ." 

mass-flow ratio, 0.963; scuop ma0B" EOG, .I - .,I 

Boounharg-Layer-scoop-height paremeter, -1.51; 
i n h t  total-pressure recovery. 0.425: inlet 

(a) C o n c l u d a d .  M t i a l  turbulent bo-undary l a y e r .  

. " 
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Boundary-Layer-scoop-height parameter, 0; 
inlet t o t a l - p e s m  recovery, 0.397; inlet 
mass-flow mtfo ,  0.958. 

. 

Boundary-layer-scoopheight perameter, 0.362; 
inlet total-pressure recovery, 0.411; inlet 

0.523 (eubcritical). 
maee-flow ra t io ,  0.996; S C 0 . q  mSES-flOw ra t io ,  

Boundary-Layer-scoop-height parameter, 0.705; i n l e t  
total-preeeure recovery, 0.407; inlet maae-f low 
ra t io ,  0.975; scoop maes-fbw ratio,  0.181 (sub- 
c r f t i ca l ) .  

(b)   In i t ia l  kmimr boLmaary layer. 

Figure 7. - Ccmtinued. Steady schlieren photographs of peak-preesure 
configurations. 
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c 

Boundary-Layer-scoop-height ~ ~ e ~ r ~ . l . . P 4 8 i ; - . l . ~ l l e t  
total-preseure  recovery,  0.444;  inlet M E S - f b N  
r a t i o ,  0.965; scoop maes-flow ratlo, 0.640 (sub- 
c r i t i c a l ) .  . . . . .  

." . 

. 

~8oundary-layer-scaop-height pu'ameter,  1.446; 
. inlet  total-pressure " ~ " g ~  0.458; inlet 

maas-flow r a t i o ,  0.950; scodp masi-~law, 
supercritial. 

(b) G o n c l W .  Initial bminar boundary layer. 

Figure 7. --Concluied. SteaQ echl+eF..@otwaphe d p a k - p e e w e  
configuratiom. 
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(a)   Subcri t ical  i n l e t  flow; boundary-layer-scoop-height  parameter 
h/8 > 0.833; SCOOP -flow r a t i o  %/% 1.0. (supercrit ical) .  

. 3- 

(a) Subcri t ical   in le t  flow; boundary-layerscoop-heighk parameter 
h/8 > 0.833; subcr i t ica l  scoop flow. 

(c)   Supercr i t ical   in ie t  flow; boundarg-layer-ecoop-hei@Yt 
h/6 > 0.833 ; 8UbCrltiCRl  scoop flow. 

parameter 

(a) In le t   osc i l la t ion  induced by scoop; bourdary-layerkcoop-height 
parameter  h/6 > 0.833; subcri t ical  scoop flow. 

(e )  Subcrit ical  inlet flow; boundary-layer-scoop-height 
h/6 = 0. 

parameter  

(f) Subcritical in l e t  flow; boundary-Layer-scoop-hei~t  parameter 
h/6 = 0.509 and o -667; subcr i t ica l  scoop flar. 

Figure 8. - Buzz patterns observed for  operation in turbulent boundary 
lager. Thickness parameter, 0,160. 
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Figure U. - Inlet total-pressure  recovery a~ function ~f in le t  niaas-flou 
ra t io  for m ~ ~ i m u m  attainable scoop mass flow. In le t  boundary-lsyer- 
thicknee6 parameter, 0.075 (laminar). 
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0 (a) Pressure recovery based on total -preeeure prof l l e  upstream of inlet .  w 

Scoop ma-flow r a t i o  based on. profile up~t ream of i n l e t ,  mg/%,* 

(b) Pressure recovery b a e d  on free-etream conditione. 

Figure 13. - BoundarJr-layer-scoop preeeure recovery BB function of m e - f l a w  
r a t i o  far vaxiow ecoop heights. BoIinbxy-~l:lageP-thickneee paramster, 
0.160 ( turbulent)  . 
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Figure 14 - Boundary-lepr-acoop preesure recovery as function of mass-flow 
r a t i o  f o r  vsrloue scoop heigbte. Boundary-layer-thickness parameter, 0.075 
(Laminar). 
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0 .2 .4 .6 48 1.0 - 1.2 
Scoop me-f luw ratio based on p r o f i l e  upstream of Inlet, %/ml,s 

(b)  Pressure recovery based on free-stream total pressure. 

Figure 14. - Conolded. Boundary-la$er-ecoop pressure recovery ae function of 
W E  -f low ratio for varioue scoop heights. Boundary-lager-thioknes8 parameter, 
0.075 (laminar) . 
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c 

Boundary-mer-acoop-height parameter, h/6 

-Figure 15. - Ratio of' mxzfmum &oop -8 flow to ialet -8 flow 8s fmctlm 
of boundary-layer-sooop-hei&t parameter for two i n i t i a l  boundary layers. 



8 


